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Abstract 
The burn-out characteristics of oil shale semi-coke, corn stalk and their blends were invest-tigated by 
thermogravimetric analysis, the maximum burning rate, temperature of the maximum burning rate and burnout index 
were investigated. Batch charges of samples were burnt in a laboratory scale fluidized bed. The effect of particle size, 
initial bed temperature, air flow rate and different semi-coke percentages on the burnout time was investigated. The 
results have shown that an increase in bed temperature or air flow rate was associated with a decrease in burnout time. 
On the contrary, an increase in particle mean size led to an increase in burnout time. The most significant difference 
occurred with mixtures on the burnout time. The trend is increasing and then decreasing. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
Oil shale semi-coke, formed in the thermal processing of oil shale, is a low-grade fuel with low 
volatile, low calorific value, high ash content and is difficult to ignite and burnout. Semi-coke has serious 
pollution to an environment [2-3]. Co-combustion semi-coke with high-calorific fuels in a fluidized bed 
has much interest in recent years. The advantages include high heat transfer coefficients, lower operating 
temperatures, low noxious emissions and capturing of sulfur within the bed [4]. Wang Q. [5-6] studied the 
co-combustion of oil shale and its semi-coke. Their research showed that the advance ignition can be 
achieved when semi-coke was mixed with oil shale or high-calorific fuels. Haykiri-Acma [7] discussed 
the effect of biomass on burnouts of Turkish lignites during co-firing, and revealed that the same biomass 
material may be able to play different roles on the burnout yields of the Turkish lignites. Yahya [8] 
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presented that batch combustion of oil shale particles in a fluidized bed reactor, and considered that 
burnout time at different operating conditions. 
Biomass is a kind of green energy source and has many advantages, such as easy storage, higher 
burning efficiency, lower pollution, lower dust and higher heat value [9-10]. This work is concerned with 
the combustion of semi-coke/corn stalks blends, where the burnout times for samples have been 
investigated by thermogravimetric analysis and a bench-scale fluidized bed combustion reactor (FBC).  
2. Experimental Setup and Method 
2.1 Materials 
The oil shale semi-coke (SC) used in this work was from an oil shale retort factory, which was located 
in Huadian, Jilin Province, China. Corn stalk (CS) was also from Huadian. Ultimate and proximate 
analyses are presented in Table 1. 
Tab.1 Proximate and ultimate analyses of corn stalk and oil shale semi-coke 
Fuel
Proximate analysis (%) Calorific value Ultimate analysis (%) 
Mad Vad Aad FCad Qnet,ar(kJ/kg) Cad Had Oad Nad Sad
CS 7.39 69.86 6.06 16.68     17097.38 37.95 6.47 40.76 0.77 0.59
SC 0.89 10.44 82.62 6.09 3868.29 11.29 0.35 4.21 0.11 0.53
2.2 Experimental procedures 
1) Thermogravimetric experiment 
Thermogravimetric experiments were carried out in a thermogravimetric analyzer (Perkin Elmer 
Company, USA). All experiments were performed in air atmosphere, over a temperature range of 40–
850°C and at a heating rate of 20°C /min. About 6 mg of each sample was spread in a uniform layer. All 
experiments were repeated, and the mean values were used provided that the deviations were within 3%. 
2) Experimental in fluidized bed 
The bench-scale FBC include two sections: the fluidized bed combustor and the preheating tube 
(Fig.1). The overall inside diameter is 50 mm and the height is 600 mm. The combustor and the 
preheating tube are electrically heated. The fluidized bed has a gas distributor  
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Fig.1. Schematic of the bench-scale FBC unit 
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1 feeder  2 flue gas analyzer  3 insulation  4 thermocouple  5 air distributor  6 computer  7 data acquisition  8 preheater  9 rotameter  
10 air compressor 
made of a stainless-steel wire mesh fixed at the bottom of the bed. The temperature within fluidized bed 
was continuous monitored by the type k Ni/Cr-Ni thermo-couple that linked with computer. CO2 gas from 
the fluidized bed was continuously analyzed by MRU95/3CD analyzers. Oil shale ash with particle size 
of 0.3–0.5 mm was used as bed material. Air was introduced by an air compressor and via a rotameter. 
Fuel was introduced into the FBC in batches of 2 g in each experiment. The burn-out time had been 
designated from appeared to disappeared of CO2 concentration [11]. 
3. Results and Discussion 
3.1 Thermal characteristics of the samples  
1) Combustion properties of the pure samples 
Fig.2 shows that mass losses occurred from the samples upon heating. Volatiles release and 
combustion in the corn stalk is responsible for these mass losses between 190 and 360 °C. Thus, the 
maximum rate of mass loss on Fig.3 reached 13.05 mg/min at 310 °C. After that, this rate suddenly 
slowed down and it was only 2.67 mg/min at 392 °C. Following that, due to the combustion of the char, a 
small increase to 4.4 mg/min and then a serious decrease took place as the temperature increases. 
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Fig2 TGA curves of the samples 
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Fig3 DTG profiles of the samples. 
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At low temperatures, semi-coke behaved as not as the reactive in the corn stalk. Although some 
devolatilization was observed at low temperatures, the rates were not higher than 0.5 mg/min. The Rmax
value was determined as 1.64 mg/min at 510 °C, when the volatiles were released and burned. After that, 
this rate slowed down. Due to the combustion of the char and minerals decompose occurred, a small 
increase to 0.84 mg/min at 663 °C. At higher temperatures, semi-coke showed the behavior that relatively 
lower rates of mass losses continued until the final temperature of the experiment (Fig.3). Semi-coke is a 
more stable compound compared to biomass, gave rise to these mass losses at high temperatures. On the 
other hand, final burnouts were determined as 98.8% and 97.6% for semi-coke and biomass, respectively. 
The following equation [9] was used to calculate the burnout rate. 
100
0
u 
m
mtD        (1) 
where D  is the burnout rate, mt the mass of the sample weight loss at time t and m0 the combustible 
components mass of the sample. 
To illustrate conveniently, the following equation was used to describe a burnout index (Df). where R 
is the burnout time. 
%90u RDf     (2) 
2) Combustion properties of the blends 
Table 2 represents the comparison of Df, Rmax, and TR-max values. Mass losses during the moisture 
removal stage were not taken into account. The burnout index of the blend is between pure corn stalk and 
semi-coke. The smaller the value Df is, the higher the combustion activity of samples is. The burnout 
index increases as the semi-coke content increases in blends, due to the lower amount of volatiles in the 
semi-coke. On the other hand, the Rmax1 and Rmax2 values increase as the addition of biomass into semi-
coke. The ‘‘easy-to-ignite’’ property of biomass is responsible for these trends. In fact, biomass decreases 
the ignition point of blends and its contribution to the volatile formation enhances the burning rate. At 
higher temperatures, only due to the fixed carbon combustion and minerals decompose in semi-coke, the 
Rmax3 value decreases. 
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Fig5 DTG profiles of the blends. 
Table 2 Comparison of some thermal data 
SC:CS Df Rmax1 TR-max1 Rmax2 TR-max2 Rmax3 TR-max3
0:10 24.22 13.05 310 4.40 480 - - 
5:5 26.43 6.21 318 1.93 550 0.53 661 
7:3 27.92 3.95 316 1.89 495 0.59 655 
8:2 28.40 2.92 310 1.76 495 0.62 652 
9:1 28.92 1.48 320 1.69 507 0.75 661 
10:0 31.86 - - 1.64 510 0.84 663 
Table 3 Experimental burnout values versus temperature 
Temperature(°C) SC CS SC:CS (5:5) SC:CS (7:3) SC:CS (8:2) SC:CS (9:1) 
200 3.52 7.08 6.81 6.56 6.81 4.47
250 6.06 12.55 11.79 9.79 9.77 6.51
300 7.65 31.94 25.98 21.33 20.83 13.29
350 9.69 63.10 51.96 44.14 40.86 27.73
400 14.69 73.31 62.19 54.57 50.66 36.65
450 25.78 82.12 68.85 64.68 62.33 47.74
500 44.41 93.65 76.30 76.14 74.99 62.99
550 65.68 98.37 84.49 86.35 84.96 78.56
600 78.50 98.54 92.57 91.71 90.25 87.12
650 87.39 98.64 97.24 94.58 94.00 92.78
700 96.07 98.72 98.73 96.79 96.78 98.28
750 96.89 98.78 98.89 97.04 97.13 98.85
800 97.31 98.81 98.98 97.22 97.38 99.13
850 97.63 98.86 99.04 97.34 97.58 99.34
In order to investigate the complexity of biomass addition on burnouts, the effect of temperature was 
evaluated. For this purpose, the temperature was varied from 200 °C to 850 °C by increments of 50 °C. 
The burnout rate at specific temperatures is given in Table 3. From the data in Table 3, it can be said that 
the experimental burnout rate for blends lay between the pure values at the investigated temperatures, and 
they would be mostly overlapped. 
3.2 Fluidized bed experiment  
1)  Effect of air flow rate on burnout time
Fig.6 shows the effect of changing air flow rate on the burnout time of blends combustion in fluidized 
bed. With the gas velocity increasing, the burnout time was 42s, 40.5s, 39s respectively. As shown, the 
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experimental results show that with the increasing air flow rate, the burnout time was decreasing. 
Turbulence may enhance the burning reaction, leading to a short burnout time. The 
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Fig6 Burnout time against air flow rate 
peak of CO2 shifted to forward and the value becomes strength. This fact has also been showing the blend 
is easy for ignition and combustion.
2)  Effect of bed temperature on burnout time 
Fig.7 shows the results plotted as burnout time against the bed temperature. With the bed temperature 
increasing, the burnout time was 43.5s, 40.5s, 39s, 36s, respectively, as expected, the burnout time of 
batches of blends decreased as the bed temperature increases. This is due to the increase of the rate of 
burning, which gives an apparently short burnout time. The peak of CO2 shifted to forward and the value 
becomes strength. 
3) Effect of initial particle size on burnout time 
Fig.8 shows burnout time of batches fed to a fluidized bed versus the initial mean particle sizes. As 
shown, with the sample size increasing, the burnout time was 31.5s, 39s, 40.5s, 43.5s, respectively. The 
large initial particle sizes produced large ash layers that resisted the progressing of combustion reaction, 
therefore, longer burnout times were obtained. 
4) Effect of mixture on burnout time 
Fig.9 shows burnout time of batches fed at different percentages. Burnout time of the mixture 
increased and then decreased as the percentage of semi-coke increases 
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Fig7 Burnout time against bed temperature 
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(table 3). This indicates that the burnout time increased was due to the volatile content of mixtures 
decreases as the corn stalk content decreases, and the heat released was decreasing during the combustion. 
However, the proportion of corn stalk decreased to a certain degree (9:1), the burnout time started 
reducing, due to combustible component of blends is decreased. 
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4. Conclusions 
z The thermal reactivity of corn stalk and semi-coke during combustion is highly distinctive. The 
addition of the corn stalk into semi-coke affects the combustion system in such a way that 
volatilization and gaseous phase combustion become more important compared to the 
combustion of semi-coke alone. 
z The maximum burning rate, burning rate and burnout index increase as the corn stalk content 
decreases. 
z The combustion of blends has been conducted in a laboratory scale fluidized bed. The increase of 
air flow rate and bed temperature showed a significant decrease in burnout time, and the peak of 
CO2 shifted to forward and the value becomes strength, while the burnout time increased as size 
increasing. However, effect of the mixture on burnout time is different from the other three 
factors. Burnout time of the mixture increased and then decreased as the percentage of semi-coke 
increases. 
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